Introduction
Photoemission, particularly light polarization dependent photoemission [1, 2] , can be very successful in establishing that the highly dipole-ordered polymers, prepared by Langmuir Blodgett techniques [3, 4] , have dipoles oriented along the surface normal, particularly at temperature well below room temperature (~100 K). The high-quality ultrathin crystalline ferroelectric films, like the copolymer poly(vinylidene fluoride with trifluoroethylene) P(VDFTrFE) [3] [4] [5] , have a dipole ordered ferroelectric phase, the β phase (parallel dipoles) [3] . Because of symmetry breaking at the surface, light polarization dependent photoemission does not, however, distinguish from up or down oriented dipoles per se [2, 6] . Further, the value of light polarization dependent angle resolved photoemission is quite limited if the molecular point group symmetry is very low, even if the organic layer is well ordered [7] .
Distinguishing between the β phase (parallel dipoles) and the  phase (antiparallel dipoles) in P(VDF-TrFE) thin films is rather straightforward, as the latter is paraelectric with no net polarization. The determination of dipole ordering is, however, complicated at the surface layer, as there exists a surface ferroelectric phase transition from all-trans (β phase) to a phase where period doubling of the surface structure occurs (involving four -(CH 2 -CF 2 )-monomers) and ordering at the surface is diminished [in the temperature region of 20°C for P(VDF-TrFE), 70%:30%] [8, 9] .
For the highly dipole-ordered polymer poly(methylvinylidene cyanide) (PMVC), (-(CH(CH 3 )-C(CN) 2 ) n -), the type of dipole order at the surface is only weakly established. We found evidence for strong intramolecular band structure [7] , but this does not provide a clear indication of the type of dipole ordering along the surface normal: both an all-trans and some type of alternating transgauche conformations are possible from the experimental band mapping data. The band structure is consistent with a real space periodicity of three monomer repeats, i.e. for (-(CH(CH 3 )-C(CN) 2 ) n -), n = 3, and this tends to exclude some ordered alternating trans-gauche conformation, independent experimental confirmation of a mostly all-trans configuration would be better. The strong evidence of band structure also excludes a random azimuthal dipole orientation with respect to the polymer chain backbone. The scanning tunneling microscopy (STM) images [7] are also more consistent with an all-trans configuration, but regrettably are also not compelling evidence in this regard. There are difficulties in obtaining X-ray diffraction (XRD) from PMVC thin films [10] , while light polarization dependent photoemission and infrared spectroscopy are inconclusive as to the dipole ordering, because of the very low local point group symmetry [7] . Furthermore, because the local dipoles do not appear as readily to ''rotate'' for PMVC [10] , the issue of dipole ordering remains poorly addressed. The actual dipole ordering will affect the dielectric properties of PMVC thin films and could provide insight as to the origin of the crystalline polymer band structure critical points: i.e. the correspondence to a real space periodicity of three monomer repeats, i.e. n = 3 for -(CH(CH 3 )-C(CN) 2 ) n -.
To judge better the PMVC geometric structure with regard to the dipole ordering, we have proceeded to make a comparison between model calculations of the electronic structure and combined photoemission and inverse photoemission results. Both the semiempirical and ab initio calculations for the all-trans and alternating trans-gauche conformations, for the different positions of methyl groups were performed for likely configurations of PMVC, as summarized in Figure 1 . We find that changing the positions of methyl groups-i.e. regio-regular or alternating site positions versus a low symmetry chiral placement (all methyl groups on one side)-does not alter the expected electronic structure, but altering the dipole orientation does make the electronic structure quite different from experiment.
Experimental
Films of PMVC [-(CH(CH 3 )-C(CN) 2 ) n -] were prepared using the Langmuir-Blodgett (LB) technique from a water subphase [3, 4, 10] . The PMVC polymer with weight-averaged molecular weight (M w ) = 2780 was dissolved at 0.07 wt% in a 90:10 mixture of chloroform and dimethylsulfoxide. For each material, a monolayer was dispersed on the surface of a NIMA model 622C LB trough filled with ultrapure (>18 MΩ cm) water and compressed to a surface pressure of 5 mN/m 2 . The LB films were deposited on substrates of freshly cleaved pyrolytic graphite wafers by the horizontal (Schaefer) variation of the LB technique, repeating five times to make a film of five nominal monolayers. Film preparation methods are described in greater detail elsewhere [10] . The LB method produces films of PMVC with a high degree of surface crystallinity, as is evident from STM taken at room temperature [7] , and experimental band structure mappings [7] . The PMVC thin films prepared in this manner shows at the very least paracrystallinity (the polymer chain are highly aligned), if not crystallinity. Although annealed in vacuum, the films are not annealed to temperature anywhere approaching a melt (annealing temperatures 150°C) and no loss of order was observed.
The ultraviolet photoemission spectra (UPS) and inverse photoemission spectra (IPES) were undertaken to study the molecular orbital placement of both occupied and unoccupied orbitals of the polymers. In both photoemission and inverse photoemission measurements, the binding energies are referenced with respect to the Fermi edge of gold or tantalum, in intimate contact with the sample surface. The IPES were obtained by using variable incident energy elec- trons while measuring the emitted photons at a fixed energy (9.7 eV) using a Geiger-Müller detector [7] [8] [9] . The instrumental line width is ~400 meV, as described elsewhere [7] [8] [9] . The light polarization dependent angle-resolved UPS (ARUPS) were carried out using synchrotron light at 55 eV photon energy, dispersed by a 3 m toroidal grating monochromator, at the Center for Advanced Microstructures and Devices (CAMD) in Baton Rouge, Louisiana [11] , employing a hemispherical electron energy analyzer with an angular acceptance of ±1°, as described in detail elsewhere [12, 13] .
The high resolution photoemission studies were carried out on separate 3 m normal incidence (NIM) beamline that consists of water cooled ellipsoidal entrance mirror with a 70 mrad acceptance angle of horizontal radiation from a dipole magnet at CAMD [14] . This NIM monochromator is combined with an ARUPS endstation, which consists of a magnetic field shielded UHV chamber with the electron energy analyzer (Scienta SES200 electron energy analyzer) [14] . Both gas phase resolution tests and solid-state sample show that the combined resolution (including beamline and analyzer) is 9 meV or less for the Fermi edge of gold films at the lowest possible temperature we have obtained and better than 5 meV ultimate electron energy analyzer resolution for Ar 3p level using He I radiation [14] .
Computational Details
Both semiempirical and ab initio LCAO methods, both based on Hartree-Fock formalism, were used. The semiempirical method NDO-PM3 (neglect of differential diatomic overlap, parametric model number 3), which has proved to be a successful, although simplistic, approach for modeling the electronic structure for organic molecules [15] , was undertaken to calculate the electronic structure of PMVC. As its name indicates, two-electron integrals are completely omitted in this method. Nonetheless, semiempirical model calculations still produce a density of states (DOSs) that is in generally good agreement with the experimental combined photoemission and inverse photoemission data [7] , as seen in Figure 2 .
Because two-electron integrals are excluded in the semiempirical PM3 calculation, a more accurate methodi.e., ab initio LCAO/LDA calculations that contains twoelectron integrals-has also been undertaken to calculate the electronic structure for the four different conformations of PMVC. The ab initio method involves a more fundamental approach to solving the Schrödinger equation than does the semiempirical method, although there are some assumptions implicit in such calculations [16] . The basic approximation of ab initio calculation is that the total wave function is a single Slater determinant and the resultant expression of the molecular orbitals is a linear combination of atomic orbital basis functions (LCAO): in other word, ab initio calculation can be initiated once a basis for the LCAO is chosen. We chose 3-21G basis set which are Gaussian functions and can simplify the two-electron integral calculation. These approaches are, of course, compromises. Another approach would be to use a semiempirical hybrid functional like B3LYP [17, 18] which is seen to work well in solid-state calculations for modeling the band gap [19] , but density functional theory (DFT) is notorious for underestimating the band gap sometimes by a factor 2 or more [16] , particularly for molecular systems, although DFT is excellent for estimating total energies in systems similar to PMVC [20] .
A series of molecular orbitals, whose energy levels are with respect to the vacuum energy E vac , were obtained by the calculations of these two methods (LCAO and PM3) on the short segments of PMVC chains. A model DOSs was obtained by applying equal Gaussian envelopes of 1 eV full width half maximum to each calculated molecular orbital energy (eigenvalue) to account for the solid state broadening in photoemission and then summing. These model DOSs calculations are rigidly shifted in energy by 5.3 eV and then compared with the combined photoemission and inverse photoemission data from PMVC thin films, taken at room temperature [7] , as indicated in Figure 2 . The 5.3 eV energy shift, which is, for the most part, representative of work function Φ equal to the difference of vacuum energy E vac and Fermi level E F , is applied to the calculated electronic structure uniformly. No corrections are made for final state effects or matrix element effects in either calculation, so the comparison with experiment is simplistic, but nonetheless still often successful [21] [22] [23] [24] [25] [26] [27] . . The photoemission spectra were taken with the photoelectrons collected normal to the surface while the inverse photoemission spectrum was taken with the electrons at normal incidence. The inset shows a section of the spectra retaken with unpolarized light using a helium lamp at hv = 21.2 eV (He I).
Comparison of Experiment and Theory
While the Langmuir-Blodgett grown films of PMVC could adopt a geometric structure with all dipoles pointing to one direction and all the methyl groups sitting on one side of molecule, as shown schematically in Figure 1a , in reality, methyl groups need not be placed on one side: other possibilities exist such as a regio-regular alternating placement of methyl groups shown in Figure 1b . In both of these configuration examples, the carbon-carbon backbone of PMVC adopts the all-trans conformations, and dipole orientations are similar. Model calculations suggest that while the structural isomers are quite different, the molecular orbital DOSs are similar (Figures 3 and 4) .
The alternating trans-gauche conformation is also possible for the polymer structure in ordered LangmuirBlodgett films of PMVC, just as is the case for P(VDFTrFE) in the paraelectric phase [3, 4] . Similarly, the methyl groups could be placed on one side of molecule (Figure 1d ) or alternatively as a regio-regular alternating placement of methyl groups (Figure 1c ). These two different alternating trans-gauche conformation cases also produce the similar DOSs (panels d and c, respectively, in Figures 3 and 4) . The key is that the alternating trans-gauche conformations all provide much different DOSs from that of the all-trans conformation isomers (panels a and b in Figures 3 and 4) .
The antiparallel dipole orientation (alternating transgauche conformation) produces additional narrow band below the Fermi level, which is absent for parallel dipole orientation (all-trans conformation). Experimentally, we do not observe this narrow and intense DOSs at the valence band maximum in the UPS [7] , as seen in Figure 2 . Rather, the experimental data are in good agreement with the theoretical calculations of all-trans conformations, independent of model calculation methodology (panels a and b in Figures 3 and 4) . This agreement between the experimental electronic structure and the calculated model DOSs suggests that Langmuir-Blodgett PMVC films adopt the alltrans conformation with all dipoles aligned. The position of methyl groups remains, however, somewhat ambiguous and cannot be ascertained from this comparison.
Ab initio calculation generates four spectra according to four different conformations which fall into two categories-all-trans (Figure 4a and b) and alternating transgauche conformations (Figure 4c and d) . The ab initio calculation does produce more features in the simulated spectra directly obtained from the DOSs than is the case from the semiempirical PM3 model calculations. This is because the inclusion of two-electron integrals in Hamiltonian splits some energy levels. These fine electronic structures were not observed in experiment, and in general, the semiempirical PM3 results fit experiment better-as is often the case [16] , particularly with respect to the highest occupied to lowest unoccupied molecular orbital gap. In spite of the differences, both the ab initio methods and the semiempirical PM3 calculations suggest that the all-trans conformation is the only structural phase of PMVC films at room temperature and below. Dipole ordering within a single chain that leads to a paraelectric phase seems unlikely as a result.
This view is supported by the energetics of the different configurations. The semiempirical PM3 and ab initio calculations also provide an estimate of the total energy of the four structural phases, which is the net result of electronic kinetic energies and the interactions between all electrons and atomic cores in the system. Both theoretical methodologies indicate that the total energies of two all-trans conformations are lower than that of two trans-gauche conformations, and hence favored. The total energies are similar for the two all-trans (or two trans-gauche) conformations, so we cannot conclusively distinguish between the various possible placements of the methyl groups in the all-trans configuration of the carbon-carbon backbone. Total energy calculations are done better using density functional theory, but even so, such calculations remain ambiguous-the films are grown on a graphite substrate and may be thus stabilized robustly in a metastable configuration, not necessarily the lowest energy configuration of a free polymer chain. Such interactions are not necessarily a result of strong chemical bonds, as even substrate image dipole interactions can play a role in the molecular configuration [28] .
It is important to note that the vibrational fine structure seen in high resolution photoemission (Figure 2, inset) shows no temperature dependence, unlike the ferroelectric polymer thin films of the copolymer poly(vinylidene fluoride with trifluoroethylene) P(VDF-TrFE) [2] , where changing dipole orientation and dipole rigidity with respect to the film surface normal results in changing selection rules. This may be a result of the point group symmetry, but there is no indication whatsoever of any structure change in the vicinity of room temperature.
Conclusion
Both semiempirical PM3 and ab initio LCAO methods demonstrate that the dipole orientation can significantly alter the molecular orbital derived DOSs. The comparison of theory with experiment is sufficient to exclude the presence of a significant number of gauche bonds (i.e., such bonds must be below 5%). The electronic structures of PMVC are indicative of systems in the all-trans configuration, with the dipoles all aligned. Structural phases that look like ''paraelectric'' and ''antiferroelectric'' are considered very unlikely, though antiparallel packing of PMVC chains cannot be excluded on the basis of a comparison of photoemission and inverse photoemission with theory. All-trans conformations are also seen to be energetically more stable than trans-gauche conformations thermodynamically, and are also, therefore, the more preferred configuration for ordered PMVC thin films, but the influence of the substrate in establishing thermodynamic stability needs to be explored.
